Type 2 diabetes (T2D) is up to twice as prevalent among African Americans as Caucasians. Recent genomewide association studies (GWAS) have identified multiple common genetic risk variants for T2D; however, none of these studies were conducted exclusively among subjects of African ancestry. Investigating these known loci in other populations would be an expedient way to evaluate the generalizability of the current findings. The authors evaluated 29 known T2D loci in a large southeastern US cohort study including 4,288 African Americans (1,554 cases and 2,734 controls) enrolled during [2002][2003][2004][2005][2006][2007][2008][2009]. Seven of the 29 single nucleotide polymorphisms (SNPs) examined were found to be associated with T2D risk at P ≤ 0.05, including rs6769511 (IGF2BP2), 2 SNPs in the WFS1 gene (rs4689388 and rs1801214), rs7903146 (TCF7L2), and 3 SNPs in the KCNQ1 gene (rs231362, rs2237892, and rs2237897). Notably, the association for rs7903146 reached the GWAS significance level (P = 3.6 × 10 −8 ), with an odds ratio per T allele of 1.32 (95% confidence interval: 1.20, 1.46). Regional analyses using GWAS data from Vanderbilt University's BioVU DNA biobank showed significant associations (P < 0.05) with 9 loci, though no association was observed for the index SNPs reported in European-or Asianancestry populations. These results extend some of the recent GWAS findings to African Americans and may guide future efforts to identify causal variants for T2D.
Type 2 diabetes is one of the leading health problems in the United States, affecting approximately 21 million persons or almost 10% of the US adult population (1) . Type 2 diabetes is nearly twice as prevalent among African Americans as among Caucasians (1) .
Although obesity and other environmental factors are major determinants of type 2 diabetes risk, genetic factors are believed to play an important role in its etiology (2) . Several loci have been identified through traditional candidate gene and linkage approaches (3) (4) (5) (6) (7) . Recent genome-wide association studies (GWAS) of type 2 diabetes among populations of European or Asian ancestry have discovered multiple novel, reproducible susceptibility loci (2, (8) (9) (10) (11) (12) (13) (14) . However, little or no investigation of the associations between these loci and type 2 diabetes has been reported for African-derived populations. The genetic architecture of African populations differs considerably from that of other ethnic groups with regard to type 2 diabetes loci (15) , as well as in general (16) . In this study, we evaluated 29 type 2 diabetes loci in African Americans using data from a large ongoing cohort study, the Southern Community Cohort Study (SCCS), and from Vanderbilt University Medical Center's DNA biobank (BioVU).
MATERIALS AND METHODS
The SCCS is a prospective cohort study initiated in 2002 focusing on investigation of racial disparities in the risk of cancer and other chronic diseases. Men and women aged 40-79 years from 12 southeastern US states were enrolled between 2002 and 2009 (17) . The SCCS includes approximately 86,000 participants; African Americans comprise two-thirds of the cohort. At baseline in the SCCS, participants completed a comprehensive in-person interview covering various aspects of health conditions and behavioral factors, including personal and family medical history, and other lifestyle factors. During this interview, participants were asked, "Has a doctor ever told you that you have had diabetes or high blood sugar?" Participants responding "yes" were asked follow-up questions regarding their age at first diagnosis and use (and names) of prescription medications taken to manage their diabetes. In the current study, we considered only those subjects who met the following additional criteria as cases: 1) use of type 2 diabetes medication, 2) age at diagnosis greater than 30 years, 3) no cancer at study enrollment, and 4) self-reported AfricanAmerican race/ethnicity. Subjects who responded "no" to the question, "Has a doctor ever told you that you have had diabetes or high blood sugar?" and 1) had no cancer at study enrollment and 2) were self-reported African Americans were considered potentially eligible controls. Controls were frequency-matched to cases (2:1) by age at enrollment (within 5 years), age at type 2 diabetes onset, gender, and residence (same state). In total, 1,124 cases and 2,157 controls were successfully genotyped. Study participants provided written informed consent, and the study was approved by committees for the use of human subjects at both collaborating institutions.
Vanderbilt's DNA biobank project, BioVU, accrues DNA samples extracted from blood remaining from routine clinical testing. A full description of the BioVU resource and its ethical protections has been published elsewhere (18) . Details on the definitions of type 2 diabetes cases and controls are given elsewhere (19) . In brief, International Classification of Diseases, Ninth Revision (ICD-9) codes, laboratory data, and natural language processing techniques on unstructured patient records, such as records of medications, electrocardiograms, or medical history, were used to define cases and controls. The following 3 sets of criteria were used to define type 2 diabetes cases. Case definition I: 1) any of the following ICD-9 codes-250. 3 , or a minor allele frequency less than 0.01. Subjects' genotypes were imputed with IMPUTE software (Mathematical Genetics and Bioinformatics Groups, Department of Statistics, University of Oxford, Oxford, United Kingdom (https:// mathgen.stats.ox.ac.uk/impute)) for all SNPs in the HapMap2 r22 CEU + YRI data, and only SNPs with imputation quality score information greater than 0.4 were extracted. Among the 29 SNPs successfully genotyped in SCCS, genotypes were directly available for 15 in the BioVU samples through the Illumina Human1M-Duov3 array, with genotypes being available for 11 SNPs through imputation. Data for 3 SNPs, including rs11634397, rs2237897, and rs4457053, were not available from the BioVU cohort. Because of the different genetic structures, SNPs associated with type 2 diabetes in African Americans may be different from those reported in other populations. Therefore, we also investigated all SNPs located within 1 millimorgan (0.1 cM) of the index SNP using the GWAS data for the BioVU cohort. However, the statistical power of this analysis was limited because of the small sample size in the BioVU GWAS.
Potential confounding by population structure was adjusted for by principal components analysis using EIGENSTRAT (21) .
To evaluate the combined effect of the SNPs on type 2 diabetes risk, we created a genetic risk score by summing the number of risk alleles each subject carried at each SNP. In the SCCS cohort, persons with missing data on 5 or more of the 29 SNPs were excluded (13 cases and 26 controls). For persons with missing data on fewer than 5 SNPs, missing data for a particular SNP were assigned for the average of the number of risk alleles at that SNP for cases and controls separately. For the 3 SNPs for which data were not available in BioVU, we assigned the average of the number of risk alleles at each SNP from SCCS for cases and controls separately. We also carried out the genetic risk score analyses among the subjects with complete genotype data. Because data on 3 SNPs (rs11634397, rs2237897, and rs4457053) were not available in BioVU subjects, the genetic risk score analysis for the BioVU data set included 26 SNPs. All statistical analyses were conducted in SAS, version 9.2 (SAS Institute Inc., Cary, North Carolina), with the use of 2-tailed tests.
RESULTS
Characteristics of the study participants are shown in Table 1 . In both the SCCS and the BioVU cohort, type 2 diabetes cases tended to be older and to have a higher body mass index than controls.
Among the 29 SNPs, 22 (75.9%) were associated with risk in the same direction as initial reports. This is higher than would be expected under the null hypothesis (P = 0.008, binomial sign test). Seven SNPs were nominally statistically significant (P ≤ 0.05), including rs6769511 in the insulin-like growth factor 2 mRNA binding protein 2 gene (IGF2BP2), 2 SNPs in the Wolfram syndrome 1 gene (WFS1) (rs4689388 and rs1801214), rs7903146 in the transcription factor 7-like 2 (T-cell-specific, HMG-box) gene (TCF7L2), and 3 SNPs in the potassium voltage-gated channel, KQT-like subfamily, member 1, gene (KCNQ1) (rs231362, rs2237892, and rs2237897) ( Table 2 ). The pattern of the association for these SNPs tended to be consistent in the SCCS and BioVU, with the SNPs rs6769511 (IGF2BP2) and rs7903146 (TCF7L2) showing significant associations in both studies. The association for rs7903146 (TCF7L2) reached GWAS-level significance, with an odds ratio per T allele of 1.32 (95% confidence interval (CI): 1.20, 1.46) and a P value of 3.6 × 10 −8 (Table 2) . After additional adjustment for population structure, these 7 SNPs still showed an association at P < 0.05, and the associations for the SNPs rs4689388, rs1801214, rs7903146, rs231362, and rs2237892 became slightly stronger (Table 2 ). Principal components analysis plotting showed that most subjects were clustered close to each other, except for 11 subjects from BioVU (see Web Figure 1 , which appears on the Journal's website (http://aje. oxfordjournals.org/)). After excluding these 11 outliers, we reran the association analyses, and the results did not change materially (Web Table 1 ). Considering that using age at diagnosis greater than 30 may not completely rule out the presence of type 1 diabetes, we also conducted analysis by excluding cases with ages of diagnosis under 35 or 40 years (Web Table 2 ). No material changes in results were noted. Additionally, we carried out analysis without adjustment for body mass index and found little change in the results (Web Table 2 ). Table 3 presents the association of type 2 diabetes risk with the genetic risk score. A dose-response association was observed between the number of risk alleles and risk of type 2 diabetes; the odds ratio per unit of the genetic risk score was 1.05 (95% CI: 1.03, 1.07). The odds ratios for type 2 diabetes risk across increasing quartiles of the genetic risk score were 1.00 (reference), 1.28 (95% CI: 1.06, 1.54), 1.33 (95% CI: 1.12, 1.59), and 1.54 (95% CI: 1.27, 1.86), respectively (P = 8.2 × 10 −6 ). After additional adjustment for the first 5 principal components for population structure, the results were very similar. Results were similar when the analysis was limited to persons with complete genotype data for all variants.
Regional analyses from the BioVU GWAS data showed that significant associations (P < 0.05) were observed for SNPs located in 9 other loci. At these loci, the index SNPs, which were reported in original GWAS in European-or Asian-ancestry populations, were not associated with type 2 diabetes. These 9 loci included rs1531343, rs243021, 
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Abbreviations: CI, confidence interval; OR, odds ratio. a Effect allele/reference allele. b Frequency (proportion) of effect allele. c Adjusted for age, gender, body mass index, and study site. d Adjusted for age, gender, body mass index, study site, and first 5 principal components for population structure. e Statistical power was estimated under the additive model. The reported effect size from the previous genome-wide association study and the effective allele frequency among controls in the current study were used to estimate the power (α = 0.05, 1-sided).
rs4402960, rs4457053, rs4607103, rs4712523, rs7172432, rs8050136, and rs864745. However, the associations for these SNPs need be validated in independent populations.
DISCUSSION
In the present study, we investigated associations of 29 diabetes susceptibility variants with risk of type 2 diabetes in 4,288 African-American subjects. Most of these variants were discovered in GWAS conducted among populations of European or Asian ancestry. We found 7 of these SNPs to be significantly associated with diabetes risk among African Americans. Notably, the SNP rs7903146 (TCF7L2) reached the GWAS significance level of P = 3.6 × 10
. This finding suggests that rs7903146 is a key determinant of type 2 diabetes risk in the African-American population.
Among the 7 SNPs validated in this study, rs2237897 was investigated in the Multiethnic Cohort Study of Diet and Cancer; however, no association was observed among African Americans in that study (15) . None of the following SNPs, including rs6769511, rs4689388, rs1801214, and rs2237892, were investigated in other African Americans. The association with rs7903146 has been replicated in multiple African-American studies (15, (22) (23) (24) . However, it was not replicated in several small studies (22, 23, 25) . Very recently, Palmer et al. (26) found that rs7903146 is the causal diabetes susceptibility variant in the TCF7L2 gene via resequencing.
We did not validate the other 22 SNPs. For 12 of these SNPs, we had limited statistical power to detect evidence of association given the sample sizes, allele frequencies, and effect sizes. Especially, statistical power was less than 50% for 6 of these 22 SNPs, including rs4457053, rs972283, rs13292136, rs7961581, rs7957197, and rs11634397 (Table 2) . Linkage disequilibrium structure often differs across populations, and GWAS hits are typically markers in linkage disequilibrium with causal alleles. The lack of confirmation was consistent with other studies (15, 22, 23) . Recently, 40 known type 2 diabetes loci were investigated through meta-analysis in 8 African-American studies (1,986 cases and 7,695 controls), and only 3 showed an association, including rs9668162 (HMGA2), rs864745 (JAZF1), and rs7903146 (TCF7L2) (24) . In the Diabetes Prevention Program study (23), 7 variants were investigated, and none of them were replicated. Lewis et al. (22) investigated 12 type 2 diabetes loci in more than 2,000 African Americans, and none of the other 11 loci showed an association, except for rs7903146. Recently, 19 GWAS variants were investigated in over 2,500 African Americans in the Multiethnic Cohort Study of Diet and Cancer, and only 4 of them, including rs7903146, were validated (15) .
Even if different populations share common causal alleles, the marker SNPs which show strong association in Caucasians/Asians may show little or no association in African Americans. Additionally, the constellation of causal alleles may be unique for each geographic subpopulation of human subjects, where functional gene or regulatory regions are perturbed by independent sets of rare mutations which occurred after geographic or cultural barriers led to increased genetic distance (16) . As a result, the same gene may be associated across populations but by different haplotype tag SNPs, due to either differences in linkage disequilibrium or underlying causal mutations. We investigated all SNPs flanking the index SNP using the BioVU GWAS data. There were 19 loci in which an association was observed for SNPs different from those reported previously (Web Table 3 ). However, this analysis was based on small sample sizes, and these associations need be further validated. On the other hand, absence of association in African Americans may suggest that different susceptibility genes exist between African Americans and subjects of European or Asian descent. The present study is one of the largest studies to investigate genetic susceptibility markers in African Americans, enhancing our ability to replicate 7 of the associations. In addition, the prevalence of both type 2 diabetes and obesity is particularly high among SCCS participants, and the genetic architecture of this population may differ from that in other studies.
This study had several limitations. First, we used a selfreport of type 2 diabetes and use of diabetes medication to define cases and controls in the SCCS. However, in a review of medical records and assessment of hemoglobin A 1c levels for samples of the self-reported cases, confirmation of the diabetes diagnosis was achieved for over 96% (27) . There are likely to have been some undiagnosed diabetes cases among controls, although this would have led to a loss of power and increased type II error (falsenegative findings). In addition, although we excluded all subjects under age 30 years, we cannot exclude the possibility that a few cases might have had type 1 diabetes. However, additional analyses excluding cases diagnosed before age 35 or 40 years showed similar results. We observed a strong association at the GWAS significance level for the TCF7L2 gene, one of the strongest type 2 diabetes susceptibility genes identified to date, suggesting that the phenotypic characterization of our study was indeed consistent with type 2 diabetes. Another limitation is that we did not have genome-wide data to account for the potentially confounding effects of population stratification in the SCCS cohort. In the SCCS cohort, 20 SNPs that did not show an association with type 2 diabetes (P > 0.2) were used for principal components analysis. For the BioVU cohort, principal components analysis was conducted among a linkage disequilibrium-pruned set of 100,000 SNPs. The first 5 principal components were used to adjust for population structure, and we did not observe evidence of confounding by ancestry at the assayed SNPs. Lastly, although the present study is, to our knowledge, among the largest to have been conducted in African Americans, the statistical power to detect an association was limited for some loci, especially when we investigated all variants close to the index SNP based on the GWAS data from the BioVU cohort.
Results from this study demonstrate the challenges of directly replicating GWAS findings across ancestral groups for particular SNPs. Given the disproportionately higher rate of morbidity and mortality from type 2 diabetes and associated complications in African Americans, it is critical to understand the differential susceptibility to type 2 diabetes. Large-scale studies, such as GWAS, fine mapping, exome sequencing, or even whole-genome sequencing, are needed to identify genetic risk variants for type 2 diabetes in the understudied African-American population. Studies such as this will provide important motivation for carrying out those projects.
